Introduction
Ricin, a deadly biological toxin, as one kind of important chemical/biological warfare agent and possible terrorist weapon, has caused growing awareness on its poisoning and related diagnosis in recent years. 1, 2 It is a member of class II ribosome-inactivating protein derived from castor beans (Ricinus communis seeds). In its structure two chains are linked by a disulfide bond. Ricin toxin B chain (RTB) is a lectin with two galactose binding sites and can bind to cell-surface galactose receptors and carry the toxic chain-ricin toxin A chain (RTA) into the cells via endocytosis. 3, 4 As a highly efficient N-glycosidase, RTA can inactivate 28S ribosomal RNA, block protein synthesis and lead to cell death. Toxic effects in animals and humans can be caused by inhalation, oral or intravenous injection of a small amount of ricin. 5, 6 The LD50 is ~3 -5 μg/kg (mice, inhalation in the case of <5 μm ricin particles) or 5 -10 μg/kg (mice, injection). 5 Therefore, urgent needs for the detection of ricin are generated and several immunological and instrumental methods have been developed. [7] [8] [9] [10] Among those analytical methods, antibodies are usually acted as the effective recognition modules for an enrichment or detection procedure.
Anyway, either an immunocapture procedure or an immunoassay has some inherent disadvantages due to the characteristics of antibodies. Considering that ricin has a very low LD50, close to its inoculation amount, the generation of antibodies from animals or cell culture is time-consuming and not easy, and the generated antibodies usually have poor batch-to-batch reproducibility.
Specific interactions of protein-saccharides provide a suitable alterative way in the case that RTB possesses lectin activity. Protein-saccharides interactions, such as glycoprotein receptors and saccharides, are involved in a variety of cellular recognitions, including cell growth regulation, differentiation, adhesion, cancer cell metastasis, cellular trafficking, inflammation by bacteria and virus, and immune response. 11, 12 The development of saccharide-functionalized material is thus attracting much more attention in the protein-related research field. For example, sugar-functionalized magnetite (Fe3O4) has been used for rapid detection, decontamination, and strain differentiation of pathogen, 13 which is exactly benefited from lectin-saccharide interaction between the glycoproteins and glycolipids receptors expressed on the cell surfaces of pathogens and mono-or disaccharides-functionalized capturing modules. Another case is glyco-modified quantum dots, which have been synthesized and applied as a specific fluorescent label for probing glycoprotein cell receptors.
14 In this article we describe novel engineered galactose-functionalized silanized magnetic ironoxide nanoparticles (Gal-SiMNPs) and a successful application on specific capturing of ricin toxin, which is just benefited from a specific recognition between galactose-binding sites of RTB and Gal-SiMNPs.
The most attractive features of magnetic nanoparticles (MNPs) are their ease-of-separation with a magnetic field, ease-of-modification, and relatively large surface areas. Several functional molecules including novel metallic material, 15, 16 amino silane, 17 oligonucleotides 18 and proteins 19 have been consequently developed for functionalization of MNPs. Herein magnetite among various types of magnetic particles was selected; silanization and amino-silanization steps were then followed to modify the surface of MNPs with suitable functional groups and more hydrophilic proprieties. A galactose linker was then synthesized and covalently linked to above-mentioned MNPs to complete the synthesis of galactose functionalized To generate a new specific recognition module for the enrichment and detection of ricin, galactose-functionalized silanized magnetic iron-oxide nanoparticles (Gal-SiMNPs) were assembled by amino-silanized MNPs (amino-SiMNPs) and a galactose linker. Amino-SiMNPs were produced by a coprecipitation method, and were coated with double layers of silica and aminosilane by hydrolysis of tetraethoxysilane and 3-aminopropyltriethoxysilane, respectively. A galactose with an amido-acid linker was synthesized by four steps of chemical modification from O-acetyl protected galactose. The diameters of Gal-SiMNPs were characterized as being 60 ± 20 nm. The average amount of galactose-loading and ricin-binding on Gal-SiMNPs was 30 ± 2 μg galactose and 29 ± 2 μg ricin toxin on the surface of 1 mg of Gal-SiMNPs, respectively. Furthermore, a rapid, simple and efficient colorimetric assay was established for the detection of ricin based on the Gal-SiMNPs, and the limits of detection (LODs) of 2 and 4 ng/mL for ricin in physiological buffer and serum were obtained, respectively. MNPs (Gal-SiMNPs). The sizes, galactose-loading capacities, and ricin-binding capabilities were evaluated in detail. Finally, a simple colorimetric assay of ricin toxin in phosphate buffered saline (PBS) and serum was established using such Gal-SiMNPs as an effectively pre-enrichment and capturing module, and limits of detection (LODs) of 2 and 4 ng/mL were obtained, respectively. The enrichment ratio was evaluated to be ca. 10 -25 folds. Compared with the current enzyme-linked immunosorbent assay (ELISA) method for ricin measurement, 20 this assay provides a more rapid and faster approach with comparative sensitivity. The antibodies were purified using a protein G-Sepharose 4 fast flow column (Amersham). MAb 4C13 was labeled with horseradish peroxidase (HRP), as previously described. 21 Microtiter plates were purchased from Corning (Costar, NY). Deionized water was produced by a Milli-Q water purification system (Millipore, Bedford, MA).
Experimental

Apparatus
UV-Vis absorption spectra were recorded on a Cary 300 spectrometer (Varian, USA). Infrared spectra were recorded on a Nicole 6700 Fourier-transform infrared spectrometer (FT-IR, Thermo Scientific, USA). Atomic force microscopic (AFM) micrograms of the particles were obtained from an SPM-9500J atomic force microscope (Shimadzu, Japan). ESI mass spectra were recorded on a Micromass LCT ESI mass spectrometer (Waters, UK). All 1 H NMR spectra were recorded on a JNM-ECA-400 NMR spectrometer (Japan).
Synthesis of a galactose linker
The synthesis protocol of the galactose linker was performed in four steps according to literatures, 13, 22, 23 with some modifications. O-Acetyl protected galactose was subsequently bromopropyl substituted, azido substituted, hydrogenation, acylation and deacetylation (Scheme 1).
Typically, 1,2,3,4,6-penta-O-acetyl-β-D-galactopyranoside (I, 3 g) was dissolved in dry dimethylchloride (40 mL), and then added into a solution of 3-bromo-1-propanol (1 g) and boron trifluoride etherate (4 mL). The reaction mixture was stirred in the dark for 12 h. After that, the mixture was washed by water and purified by column chromatography, and compound 3′-bromopropyl-2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside (II, 2.5 g; yield, 69%) was obtained as pale-yellow oil. Compound II (2 g), sodium azide (2 g) and tetrabutyl ammonium bromide (1 g) were dissolved in a 1:1 (v/v) mixture of chloroform (30 mL) and deionized water (30 mL). After refluxing for 12 h, the organic phase was separated, and the aqueous phase was extracted by chloroform three times. All organic phases were combined and dried over magnesium sulfate, filtered and concentrated to dryness. After being purified by column chromatography 3′-azidopropyl-2,3,4,6-tetra-O-acetyl-β-D-galactopyranoside (III, 1.5 g; yield, 81%) was obtained as a colorless oil. A solution of compound III (1 g), succinic anhydride (0.4 g) and 10% Pd-C (0.3 g) in tetrahydrofuran (30 mL) were stirred at room temperature under H2 for 6 h. The reaction mixture was then filtered through Celite and concentrated under reduced pressure. The residue was purified by column chromatography from acetyl acetate-hexane at 1:1 (v/v) ratio to methanoldimethylchloride at 1:10 (v/v) ratio, and a sticky white solid product, 3-(3-(tetrahydro-3,4,5-triacetate-6-(acetatemethyl)-2H-pyran-2-yloxy)propylcarbamoyl)propanoic acid (IV, 1 g; yield, 85%) was obtained. d, 1H, H-1) .
Synthesis of galactose-functionalized magnetic Fe3O4 nanoparticles
Bare Fe3O4 nanoparticles were prepared by a coprecipitation method with slight modifications. 24, 25 Briefly, FeCl2·4H2O (2.0 g) and FeCl3·6H2O (5.4 g) were dissolved in 2 M hydrochloric acid solutions (25 mL) in a three-necked bottle (500 mL); NH4OH (25%, 30 mL) was added with mechanical stirring. After vigorous stirring for 30 min at room temperature, the resulting black magnetic nanoparticles (MNPs) were isolated and washed with 2 M hydrochloric acid and deionized water, respectively, then resuspended in deionized water (100 mL). For silanization, the resuspended MNPs (10 mL) were isolated, then dispersed in 40 mL ethanol and sonicated for 40 min; after that NH4OH (30%, 1.5 mL), water (6 mL) and TEOS (1.5 mL) were added into the suspension. After vigorous stirring for 2 h at 40 C and sonicating for 1 h, the MNPs were washed and resuspended in ethanol (40 mL). After refluxing for another 12 h, the MNPs were washed with 1 M hydrochloric acid, water, 20% HNO3 and water in turn until the pH of the solution was neutral. The formed silica-coated MNPs were suspended in 60 mL of ethanol and sonicated for 30 min. APTES (6 mL) was then added and stirred at 60 C for 12 h. The obtained amino-SiMNPs were isolated, and then washed three times with ethanol (40 mL) and acetone (40 mL), respectively.
For covalent linkage of galactose amido-acid, amino-SiMNPs (450 mg) were washed with dimethyl formamide (DMF, 50 mL) twice, then redispersed in 150 mL of DMF and sonicated for 30 min. Meanwhile, a coupling solution was prepared by mixing compound V (0.515 g), BOP (1.1 g), HOBT (0.25 g), and DIPEA (1.0 mL) in DMF. The coupling solution was then added dropwise to amino-SiMNPs in DMF under sonication. The reaction mixture was stirred for 24 h at room temperature. Finally, the Gal-SiMNPs were isolated and washed with ether and ethanol. AFM and FT-IR were used to characterize the MNPs.
Evaluation of galactose-loading and ricin-binding capacities of Gal-SiMNPs
The amount of galactose linked to the surface of amino-SiMNPs was measured by the phenol-sulfuric acid method. A stock solution was prepared by dissolving 10.97 mg of galactose in 250 mL of deionized water. The standard linear curve was composed of 0, 8.8, 13.2, 17.6, 21.9, 32.9 and 44.0 μg/mL galactose and 1 mg amino-SiMNPs each in 1 mL cuvette, while 1 mL (1 mg/mL) Gal-SiMNPs without free galactose were used as the sample solution. After 0.5 mL of 6% (w/w) phenol and 2.5 mL vitriol (95.5%) added into the above-mentioned solutions and well mixed, the mixtures were cooled by an ice-bath and left standing at room temperature for 20 min. Finally, the reacted mixtures were centrifuged at 10000 rpm for 10 min (Eppendorf 5418, Eppendorf, Hamburg, Germany).
The absorbances of the supernatants were measured at 490 nm (Cary 300 spectrometer, Varian, USA).
Then, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was applied to determine the ricin-binding capacities of Gal-SiMNPs. Briefly, 150 μL ricin toxin was incubated with Gal-SiMNPs (1 mg) and amino-SiMNPs (1 mg), respectively; after washing three times by PBS (pH 7.2; NaCl, 137 mM; KCl, 2.7 mM; Na2HPO4, 4.3 mM; KH2PO4, 1.4 mM) the Gal-SiMNPs and amino-SiMNPs were eluted by 300 mM galactose. The original, unbound and eluted solutions were individually analyzed by 12% SDS-PAGE. Furthermore, the concentrations of ricin in the original and unbound solution were measured using a BCA kit according to the instructions of the manufacturer.
Application of galactose-functionalized SiMNPs
Gal-SiMNPs (100 μg) were incubated with a series concentrations of ricin spiked in 100 μL PBS (1.0, 2.0, 4.0, 8.0, 16, 32, 64, 128 and 256 ng/mL) or 100 μL serum (1.0, 2.0, 4.0, 8.0, 16, 32, 64, 128, and 256 ng/mL) at room temperature for 1 h (samples without ricin used as negative control). The Gal-SiMNPs were then washed with PBS three times and mixed with 200 μL HRP-4C13 (dilution rate was 1:3000). The mixture was maintained at room temperature for 40 min, and washed four times with PBS; then 200 μL substrate solution (0.5 mL of 2 mg/mL TMB ethanol solution; 10 mL of 50 mM Na2HPO4/25 mM citric acid solution; 32 μL of 0.75% H2O2) was added. Five minutes later, solutions were magnetically separated and the reaction was terminated by adding 100 μL of 2 M H2SO4, and the absorbance of each sample was measured at 450 nm (Scheme 2).
Enrichment of ricin
The ricin samples of 0.1 ng/mL (5 mL), 0.2 ng/mL (2.5 mL), 0.5 ng/mL (1 mL) and 5 ng/mL (0.1 mL) were incubated with 0.2 mg Gal-SiMNPs for 12 h, respectively. Subsequently, the same operations as the above-mentioned were carried out.
Results and Discussion
Synthesis and characterization of Gal-SiMNPs
In the synthesis of Gal-SiMNPs, several improvements were observed when we adopted the current coating protocol. Firstly, the bare MNPs were coated with TEOS; the aggregation of bare MNPs was then efficiently eliminated and their hydrophilicity was enhanced. Secondly, the Si-coated MNPs were re-coated with amino silane to facilitate the ended amino group coupling with modified galactose; meanwhile, the final products of Gal-SiMNPs with some unoccupied amino group were formed, which made the surface of Gal-SiMNPs positively charged under the physiological conditions. It is suggested that the electrostatic repulsion between positively charged Gal-SiMNPs and slightly positive ricin protein (pI = 7.34 26 ) can decrease nonspecific adsorption between Gal-SiMNPs and ricin, and make a specific RTB-galactose interaction become dominant if it occurs.
The AFM technique was used to measure and compare the shapes and diameters between bare and Gal-SiMNPs; the diameter values were judged from a normal distribution from the statistical results (Fig. 1) . Both MNPs were spherical, bare MNPs had average diameters of 24 ± 10 nm, while the size of Gal-SiMNPs was enlarged and the average diameters were 60 ± 20 nm. It is thus indicated that an effective modification occurred after bare MNPs were silanizated, amino-and galactose-conjugated.
FT-IR was a powerful technique for the characterization of various nanomaterial, for providing a unique molecular vibration and rotation "fingerprint". In our experiment, typical IR bands for Fe-O, Si-O and other specific bonds coming from MNPs were observed (Fig. 2) . In the IR spectra of bare MNPs, two main bands at 580 and 447 cm -1 correspond to Fe-O vibrations and one intense band at 3200 to 3500 cm -1 corresponds to the O-H stretching vibration (top spectrum). In the middle spectrum, a strong absorbance between 1000 and 1200 cm -1 appeared as the Si-O bond, which indicates that the bare MNPs had been coated by a silicon dioxide layer. Both of the amino-SiMNPs and Gal-SiMNPs had an additional absorbance at around 2920 cm -1 , which reflected the C-H bond (middle and bottom spectra). Considering that no obvious difference was observed in the FT-IR spectra before and after Gal modification, the following phenol-sulfuric acid method and affinity capture were designed to determine the galactose-load and ricin-binding capacities of Gal-SiMNPs.
Evaluation of the galactose-loading and ricin-binding capacities of Gal-SiMNPs
Among many colorimetric methods for carbohydrate determination, the easiest and most reliable method is the phenol-sulfuric acid method. When treated with phenol and concentrated sulfuric acid, all simple sugars, oligosaccharides, polysaccharides, their derivatives, including the methyl ethers with free or potentially free reducing groups can form an orange-yellow color, and possess a maximum absorbance at 490 nm. 27, 28 Here we adopted this method to measure the amount of galactose coupled to the surface of amino-SiMNPs. The linear range of standard curve was from 8.8 to 44.0 μg with the equation Y = 0.0007 + 0.0068X (R 2 = 0.99), and a load capacity of 30 ± 2 μg galactose/mg Gal-SiMNPs was achieved.
SDS-PAGE experiments were carried out to prove the specific capturing ability of the Gal-SiMNPs for ricin in a PBS solution, where the amino-SiMNPs were used as a negative control (Fig. 3) . Both kinds of MNPs were treated with galactose as a specific eluent after being fully incubated with ricin solution. About 90% of the applied original ricin solution was specifically captured onto the Gal-SiMNPs, and a good selectivity of Gal-SiMNPs vs. amino-SiMNPs was observed. Based on such positive results, the binding capacity of our Gal-SiMNPs was measured. One milligram of such MNPs was added to a solution of purified ricin, and then the original and unbound ricins were determined via a BCA assay. A binding capacity of 29 ± 2 μg toxin/mg Gal-SiMNPs was obtained. Considering that 30 ± 2 μg galactose can be effectively coupled to the surface of each milligram of Gal-SiMNPs, if assumed that the galactose can bind to RTB at a 2:1 molar ratio, the calculated binding capacity is 5.4 mg ricin/mg Gal-SiMNPs. In any case, a large hindrance of protein is unavoidable when ricin is conjugated to the surface of Gal-SiMNPs, which should be the main reason for a ~29 μg ricin toxin/mg Gal-SiMNPs capacity measured in our protocol.
Detection of ricin
A method for detection of ricin in PBS solution was established to test the feasibility of Gal-SiMNPs. As shown in Fig. 4(a) , the LOD is 2 ng/mL and a good linear range is from 2 to 64 ng/mL with the equation Y = 0.157 + 0.0228X (R 2 = 0.9976). Recoveries at low (4 ng/mL), middle (32 ng/mL) and high (64 ng/mL) concentrations were measured as 109 ± 13, 98 ± 12 and 100 ± 6%, respectively.
A practical possibility of Gal-SiMNPs as the specific recognition module was tested using serum as a biological complicated matrix. As shown in Fig. 4(b) , ricin can be fully captured by our Gal-SiMNPs from serum with high selectivity; the linear range is from 4 to 64 ng/mL with the equation Y = 0.107 + 0.0145X (R 2 = 0.9960) and the LOD is 4 ng/mL. The recoveries at low (8 ng/mL), middle (32 ng/mL) and high (64 ng/mL) concentrations within the linear range were 107 ± 16, 96 ± 12 and 100 ± 9%, respectively. Compared with conventional ELISA, this detection method shortened the whole analysis time from >20 h to 3 h, which would be useful for rapid measurements.
Moreover, combining with the ease-of-separation feature of Gal-SiMNPs, our assay can conveniently remove most highly abundant proteins, and thus eliminate any potential interference.
In order to decrease the nonspecific adsorption caused by the high ratio of the surface to volume of nanomaterial, the Gal-SiMNPs stored in PBS contained 0.05% (m/v) of bovine serum albumin (BSA) before use. Ricin was stored in the same way, which can protect the diluted ricin from denaturation. BSA also acted as a good blocking agent during the colorimetric assay of ricin toxin.
Enrichment efficiency
Considering that the Gal-SiMNPs are convenient tools to capture and enrich ricin in a diluted solution under a magnetic field, the efficiency of enrichment was also evaluated. Ricin at a concentration of 5 ng/mL of the 0.1 mL volume level was set as a original point, i.e. 100% recovery. The recoveries of 10-fold (0.5 ng/mL), 25-fold (0.2 ng/mL) and 50-fold (0.1 ng/mL) dilution of ricin were calculated by comparing each absorbance at 490 nm with that of the original concentration. Recoveries of 86 ± 7, 65 ± 5 and 43 ± 6% were obtained, respectively. It was indicated that the enrichment fold of the Gal-SiMNPs for ricin in a diluted solution was about 25. However, the enrichment efficiency of ricin in a diluted solution was decreased as the dilution factor increased.
It is believed that the Gal-SiMNPs have a good potential for the separation, purification and preconcentration of biological molecules, such as proteins with galactose-binding sites; here ricin is a good example. Furthermore, the replacement of galactose with mannose and sialic acid will widen the application of such kinds of mono-saccharide modified MNPs in glycopeptides or glycoprotein-possessed cell detection. However, the enrichment efficiency of our Gal-SiMNPs still needs to be improved when the target ricin protein is at a much diluted concentration. Fig. 3 12% SDS-PAGE experiment on the capturing of Gal-SiMNPs for ricin. Lane: 1, initial ricin solution without any treatment; 2, ricin solution after incubation with amino-SiMNPs; 3, eluted ricin from amino-SiMNPs by 300 mM galactose; 4, ricin solution after incubation with Gal-SiMNPs; 5, eluted ricin from Gal-SiMNPs by 300 mM galactose. Fig. 4 Linear calibration of ricin in PBS (a) and serum (b) using the established colorimetric assay.
